Fe L 2,3 -edge XAS and XMCD studies have been used to unravel structural trends in the MgAl 2 O 4 -Fe 3 O 4 solid solution where thermodynamic modeling has presented a challenge due to the complex ordering arrangements of the end-members. Partitioning of Fe 3+ and Fe 2+ between tetrahedral (Td) and octahedral (Oh) sites has been established. In the most Fe-rich samples, despite rapid quenching from a disordered state, Fe Unit-cell edges calculated from the spectroscopy-derived site occupancies show excellent agreement with those measured by X-ray powder diffraction on the bulk samples. Calculated saturation magnetic moments (M s ) for the Fe-rich samples also show excellent agreement with measured values but for the most Mg-rich samples are displaced to slightly higher values; this displacement is due to the presence of abundant Mg and Al disrupting the anti-parallel alignment of electron spins for Fe atoms.
Introduction
Spinel group samples (M 2+ M 2 3+ O 4 , where M 2+ = Mg, Mn, Fe, Co, Ni, Cu, Zn, and M 3+ = Al, V, Cr, Mn, Fe, Co) can occur as end-members or as intermediate compositions in various solid-solution series. Fe-rich analogs (ferrites) are particularly noteworthy for possessing the characteristic property of ferrimagnetism. Because of their physical and electronic properties, they are widely used as technological and medical materials (e.g., magnetic recording media, batteries, catalysts, gas sensors, pigments, pharmaceuticals, and magnetic resonance imaging "targets"). The superparamagnetic properties of ferrite nanoparticles are the subject of expanding research (Pellegrin et al. 1999; Liu et al. 2000; Gunjakar et al. 2008; Pearce et al. 2012; Byrne et al. 2013; Tiano et al. 2015 . Such minerals are of key importance in the Earth sciences as the magnetic properties of rocks are dominated by the presence of the ferrimagnetic minerals titanomagnetite, magnetite, maghemite, and hemo-ilmenite.
Comprehensive reviews of the crystal chemistry and structure of spinels are given in Lindsley (1976) , Hill et al. (1979) , Waychunas (1991) , and Bowes et al. (2011) . The O atoms define an essentially face-centered, cubic close-packed array; the spinel unit cell, with 32 O atoms, has 64 tetrahedral (Td) sites and 32 octahedral (Oh) sites. Only 1 ⁄8 of the Td sites (denoted equipoint 8a, A sub-lattice) and ½ of the Oh sites (denoted 16d, B sub-lattice) are occupied, giving the unit-cell formula A 8 B 16 O 32 (i.e., Z = 8 AB 2 O 4 ). However, excess metal cations may occupy normally vacant interstitial sites to form defect solid structures (Fleet 1981 (Fleet , 1982 . The net magnetization of ferrite spinels results from Fe in the A-B sites having unpaired electron spins of unequal magnetic moment below the Curie temperature, which are aligned exactly antiparallel to each other (Néel 1955 ); A-B interactions are much stronger than B-B and A-A interactions.
The spinel aristotype structure is cubic Fd3m with a cell geometry fully defined by the oxygen positional parameter (u), which has unique atomic coordinates of exactly 0.2500, 0.2500, 0.2500 when the O atoms are perfectly cubic close-packed. The unit-cell edge (a) reflects the relative sizes of cations occupying the different sites and thus the distribution of each cation species between the octahedral and tetrahedral sites. Clearly it is necessary to determine element valences and site occupancies to assess the physical properties of members of the spinel group; this is frequently a challenge in simple endmember spinels but is even more difficult for chemically complex solid solutions. In this paper we present room-T, high-resolution Fe L 2,3 XMCD data for a rapidly quenched, synthetic spinel (MgAl 2 O 4 )-magnetite (Fe 3 O 4 ) series; Harrison and Putnis (e.g., 1995 , 1997a have published extensively on the magnetic properties of these samples and have interpreted high-T, neutron powder diffraction data on cation ordering for three intermediate compositions (Harrison and Putnis 1999) . In this new work, we pay particular attention to the possibility of non-stoichiometry in the samples (i.e., presence of an excess or deficiency of metal cations). Calculation of cubic unit-cell parameters from the adopted site occupancies (cf. Marshall and Dollase 1984; Henderson et al. 2007 ) and comparing them to measured values will allow assessment of whether these occupancies match those for the bulk samples. The adopted data are compared to the high-T cation occupancy data of Harrison and Putnis (1999) and to those of and , which were based on thermo-power and conductivity measurements. In addition, the implications of our new data to the magnetic properties for this spinel solid-solution series are considered.
Cation site occupancies, unit-cell edges, and implications to magnetic properties
X-ray and neutron diffraction (XRD and ND) have frequently been used to determine ordering of atoms over structurally distinct crystallographic sites but the data are only unambiguous for binary metal compounds and where the scattering properties of the two metals are sufficiently different. For example, XRD study has provided reliable data for the ordering of Mg and Fe 3+ between Oh and Td sites in MgFe 2 O 4 spinel (Nakatsuka et al. 2004 ) while ND methods defined equivalent data for Ni and Cr in NiCo 2 O 4 spinel (Marco et al. 2001 ) and for Mn and Fe 2+ distribution between the M1 and M2 octahedral sites in MnFeSiO 4 olivine (Henderson et al. 1996) . However, natural spinels are often chemically complex making it impossible to determine site occupancies directly although modeling approaches combining refined mean cation-oxygen distances, cell parameters, oxygen coordinates, and cation sizes have provided useful data for samples of known chemical composition (e.g., Carbonin et al. 1996; Lavina et al. 2002; Uchida et al. 2005) . Reliable determination of metal oxidation states is even more difficult although iron ( 57 Fe) Mössbauer spectroscopy (MS) provides important information on valence, coordination and magnetic ordering (e.g., O'Neill et al. 1992; Carbonin et al. 1996; Doriguetto et al. 2003; Lilova et al. 2012) . Below the Curie temperature spectra show complex overlapping peak structures with each distinct Fe environment being represented by a sextet of peaks; above the Curie point each tetrahedral Fe environment shows a single peak while each octahedral environment shows a quadrupole-split double peak. However, for magnetite and other magnetite-rich solid solutions, MS cannot be used to distinguish the valence state of Fe in octahedral sites above the Verwey T as Fe 3+ and Fe 2+ are hybridized due to the lifetime of the Fe charged state being too slow (~10 -8 s; Wissmann et al. 1998) to freeze electron hopping between Fe 2+ and Fe 3+ (timescale ~10 -13 s; Wissmann et al. 1998 ). Many structural studies of spinels have involved roomtemperature (room-T) investigations of samples rapidly quenched from high-T; quenching to room-T from 900-1000 °C in a few seconds is normally sufficient to freeze in high-T cation occupancies for elements present in a single valence state (e.g., Al, Mg, Ti) but for mixed valence states of Fe, where cation order/ disorder may take place simply by electron transfer, it seems that Fe valence equilibration cannot be thermally quenched quantitatively (O'Neill and Navrotsky 1984; Becker 2001) . Harrison and Putnis (1997b) confirmed that this is also the case for solid solutions with >70% of magnetite in the system Fe 3 O 4 -MgAl 2 O 4 but that some Fe-valence quenching was possible for more Mg-rich samples. Wu and Mason (1981) carried out high-T thermopower and conductivity measurements on end-member magnetite from 600 to 1600 °C in a controlled oxygen atmosphere and deduced equilibrium Fe 2+ and Fe 3+ occupancies for the octahedral site based on the assumption that the measurements monitored only electron transfer on that site via a small polaron (hopping) mechanism (timescale ~10 -13 s). Strict magnetite stoichiometry then allowed the occupancies of Fe 2+ and Fe 3+ in the tetrahedral site to be allocated.
X-ray absorption spectroscopies (XAS), with a timescale of ~10 -16 s (Brown et al. 1995) can, in principle, sample the electronic structure faster than the timescale of electron hopping but K-edge EXAFS usually only provides averaged site information for a given target element; however, the local geometry of the spinel structure allows estimation of its distribution over the tetrahedral and octahedral sites (Henderson et al. 2007 ). Because L-edge XAS probes the empty d-orbitals of Fe and because of spin selectivity of X-ray magnetic circular dichroism (XMCD), these latter techniques can easily discriminate between Fe 2+ and Fe 3+ as well as provide key information on Td and Oh occupancies for both Fe 2+ and Fe 3+ in magnetic phases (see later).
Many studies on synthetic materials have been carried out on samples as close to stoichiometry as possible, but the problem of non-stoichiometry is often difficult to overcome, or even to assess adequately. This is often the case for samples synthesized at high-T (>1000 °C) and particularly where the samples contain multivalent 3d transition elements; non-stoichiometry can occur as either a cation deficiency or a cation excess relative to O. Despite this, many models for site occupancy, including that of Schmalzried 1977a, 1977b) ; it was assumed that the oxygen sub-lattice is fixed at 4.0 apfu so restricting compositional variation to the cation budget. The structural variations are interpreted as being due to Frenkel-type defects (Dieckmann and Schmalzried 1977a) . Allocation of excess cations to a particular interstitial site is generally difficult for steric reasons as the close proximity of normally filled and normally vacant interstitial sites means that filling one leads to a vacancy in the adjacent site. Navrotsky and Kleppa (1968) , Navrotsky (1983, 1984) O 4 (inverse spinel), which is the main topic of this paper, would be expected to show complex structural and thermodynamic properties as far as site occupancies are concerned (Harrison et al.1999 ).
Experimental methods

Sample preparation, chemical analysis, and unit-cell edge determination
Eight synthetic spinel-magnetite solid solutions have been studied in this paper; identifying names have the suffix SP (spinel). Seven of the samples were first described in Harrison and Putnis (1995) : SP3 has the nominal molecular composition 17% Fe 3 O 4 , others are SP5 (23%), SP9 (40%), SP20 (55%), SP13 (61%), SP17 (71%), and SP14 (81%). The eighth sample, SP50 (51% Fe 3 O 4 ), was first described by Harrison et al. (1999) ; this sample was originally named NS50. The samples were synthesized at 1400 °C and cooled in ~1 s by dropping into cold water (Harrison and Putnis 1995) . XRD and TEM study showed that the samples are single phase although the presence of some diffuse scattering at the base of intense diffraction peaks might suggest short-range cation clustering (Harrison and Putnis 1995) .
Energy-dispersive electron microprobe analyses of samples SP 3, SP5, and SP 13 are given in Harrison and Putnis (1995) and those for SP14 and SP17 are from Harrison (1997) . Samples SP9, SP 50 (= NS50), and SP 20 were subsequently analyzed using a Cameca SX100 wavelength-dispersive microprobe with a 2 mm probe spot at 15 keV, with a 20 nA probe current and with simple oxides, silicates, and metals as standards; all matrix corrections were carried out with the Cameca PAP routine.
Unit-cell parameters were either taken from Harrison and Putnis (1995) or were determined using CuKa radiation on a Philips PW1060 X-ray diffractometer fitted with a curved-crystal graphite monochromator; each sample was mixed with Si as internal standard. Cell parameters were calculated using the UNITCELL program of Holland and Redfern (1997) . The cation ordering parameters deduced for each element were combined with reliable metal-O bond lengths for each appropriate valence state and cation species and used to calculate mean metal-oxygen bond lengths for the tetrahedral (A-O) and octahedral (B-O) sites. The mean bond lengths were then used to calculate the unit-cell edge (a) and oxygen parameter (u) based on the following equations (Hill et al. 1979; O'Neill and Navrotsky 1983; Lavina et al. 2002; Henderson et al. 2007 ):
XAS measurements
Fe and Mg K-edge XAS. All XANES and EXAFS K-edge data were collected at the CLRC Daresbury SRS, operating at 2 GeV with an average current of 150 mA. For the Mg K-edges the samples were ground with boron nitride and pressed into flat disks. Data were collected in vacuo on the soft X-ray station 3.4 with a pair of beryl (100) monochromating crystals with spectra measured in total electron yield (TEY) mode. Spectra at the Fe K-edge were collected in transmission on station 8.1, using a double crystal Si(220) monochomator detuned to 50% transmission with the samples mounted in aluminum sample holders with Sellotape windows and diluted with boron nitride to optimize the edge jump. Energy scales were calibrated using MgO and Fe foil.
Background subtracted EXAFS spectra were analyzed in EXCURV98 (Binsted 1998; Gurman et al. 1984 ) to obtain first shell bond distances and estimates for the proportions of bulk Fe in each structural site (see Henderson et al. 2007 for further details). The same approach was used to obtain similar data for Mg but the short k-range, due to the Al K-edge ~256 eV above the Mg K-edge, limits the quality of the estimates.
Fe L 2,3 XAS and XMCD. The synthetic spinel-magnetite solid solutions were measured at room-T on beamline 4.0.2 at the Advanced Light Source (ALS) in Berkeley, California, using the eight-pole resistive magnet endstation (Arenholz and Prestemon 2005) . The XAS signal of freshly ground powder was monitored in TEY mode. At each photon energy point of the spectrum, the X-ray absorption was measured for two opposite magnetization directions by reversing the applied magnetic field (0.6 T). The XAS signals for each magnetization direction were normalized to the incident beam and subtracted to give the XMCD spectrum (Pattrick et al. 2002) . To calibrate the energy scale a standard magnetite, which had been calibrated against metallic Fe, was run with each batch of samples. Note that van der Laan and Figueroa (2014) give an excellent review of this technique At room-T, the five most Fe-rich samples are ferrimagnetic with Curie temperatures (Harrison and Putnis 1995, 1996) in the range 380-710 K (Table 1) while the three most Mg-rich samples have low-Curie temperatures (Table 1) and are paramagnetic at room-T in the absence of an external magnetic field. Thus, for the paramagnetic samples the weak XMCD signal at room-T results from the reversal of the paramagnetic moment in the 0.6 T applied magnetic field. For the latter samples, XMCD spectra were also measured at 20 K, which is below the Curie temperature for sample SP9 (215 K; Harrison and Putnis 1996) but the data at 20 K for samples SP3 and SP5 were too noisy to be fitted reliably. For all the samples average Fe L-edge XAS spectra were obtained by summing the signals for the two magnetization directions.
The spectral resolution for the XMCD data are sufficient to attempt to fit four peaks in the Fe-L 3 region with positive, negative, positive, negative signals equivalent to crystallographic sites for Fe d O h (~712 eV), respectively. To obtain the cation distribution over the four Fe sites, the experimental XMCD spectra were fitted by means of a nonlinear least-squares analysis, using the calculated spectra for each site (van der Laan and Thole 1991; van der Laan and Kirkman 1992); the 10Dq crystal field parameters were taken as 1.4 eV for Fe O h sites and -1.0 and -0.7 eV for Fe d
respectively. Further experimental and spectrum fitting details can be seen in Pearce et al. (2010) . For the Fe-rich samples relative errors are likely to be about ±2% for the site occupancies (Pearce et al. 2010) , however, the Mg-rich samples have larger errors (5-10%) because of the lower Fe contents and weaker magnetic signals.
Several papers have addressed the inter-relationships between primary-beam penetration depth (i.e., attenuation length, lcosq where q is the angle of incidence) and electron escape depth (l e ) and the implications to surface sensitivity and spectral saturation (e.g., Nakajima et al. 1999; Goering et al. 2006; van der Laan and Figueroa 2014) . Saturation is less likely to be a factor when the attenuation length is significantly greater than the escape depth. It is well known that the TEY detection technique is surface sensitive with l e typically in the range 3-5 nm for the L 2,3 edges of 3d transition elements (van der Laan and Figueroa 2014) ,which makes it an ideal tool in soft-X-ray absorption spectroscopy for analyzing thin films, nano-samples and samples with thin surface layers. However, l e depends on sample-type and composition; Gota et al. (2000) provide a value of 4.5 nm for an epitaxially grown film of Fe 3 O 4 with a penetration depth of ~170 Å for Fe L 3 .
Our XMCD experiments were carried out on freshly crushed powders using TEY detection and, while the surface topology is different, the penetration and escape depths for the L 2,3 are similar to those reported above. The Fe L-edge data probe the surface compositions of the samples but, if the sample grains are chemically and structurally homogenous, such surface sensitivity does not present a problem. The exposure of fresh surfaces limits any potential for surface oxidation and surface stoichiometries that match those for the bulk have previously been measured using this technique (Pearce et al. 2010 ). In addition, note that our XMCD relative peak areas are recalculated to the analyzed elemental Fe content so that it is not necessary to apply a saturation correction to the Fe L-edge data. Our Mg K-edge XAS experiments were also carried out on powders with TEY detection but the ~1.3 keV beam energy, based on photoabsorption cross-section differences, would have had a greater penetration depth (~1 mm) and a proportionately larger escape depth of ~10 mm.
It is useful to combine results from soft-X-ray TEY results for powdered samples with data from more penetrating techniques. Thus, Fe K-edge XANES and EXAFS data of "bulk" samples (10 mm length scale) complement L-edge studies of the same samples (e.g., Lilova et al. 2012 and this work). The reliability of our XMCD surface-based analyses for capturing bulk sample characteristics is confirmed by comparing calculated unit-cell edges and calculated magnetic moments to values measured on bulk powder samples.
Results and interpretation
Chemical analyses
Electron microprobe analysis averages (wt%) are given in Table 1 ) atomic ratio is close to the ideal value of 0.66 except for the two most magnesian samples, SP3 and SP5, that both appear to be displaced toward non-stoichiometry involving some wüstite component (Table 1) . Measured unit-cell edges (Harrison and Putnis 1995) , estimated errors, and Curie temperatures (Harrison and Putnis 1996) are also shown.
K-edge XANES and EXAFS data for Mg and Fe
Near-edge (XANES) spectral features provide radial structural information to about 20 Å from the target element while refinement of the EXAFS gives bond distances and ligand coordination information normally to <6 Å. Ildefonse et al. (1995) found that the first prominent XANES peak for fourfoldcoordinated Mg in MgAl 2 O 4 occurs at ~1309 eV while that for Harrison and Putnis (1996) . e From Harrison and Putnis (1995, 1997 sixfold Mg in MgO is higher at ~1310-1311 eV. For other model compounds with sixfold-coordinated Mg (e.g., montmorillonite and cordierite; Li et al. 1999; Trcera et al. 2009 ) this feature is much weaker and only occurs as a shoulder on higher energy peaks. Thus a distinct peak at 1309 eV is diagnostic for Mg in tetrahedral coordination. Figure 1 shows Mg K-edge XANES spectra for five of the solid solutions plus that for end-member MgAl 2 O 4 and the peak at 1309 eV becomes progressively smaller as Mg decreases. We conclude that tetrahedral Mg is a major component in the spinels with 25% (SP5) and 40% (SP9) Fe 3 O 4 in solid solution but decreases progressively and is only a minor component in the sample with 80% Fe 3 O 4 (SP14). With decreasing Mg content a small peak at ~1313-1314 eV increases in height progressively and the overall XANES features become more like those for sixfold-coordinated Mg in talc (Li et al. 1999 ). Fe-K-edge XANES spectra are shown in Figure 2 and exhibit only small (although significant) differences with changing composition. Thus the edge crest feature at ~7132 eV becomes slightly better defined as Fe decreases, while sample SP5 (Fig.  2) shows a small change in slope on the edge at ~7120 eV and a small bulge on the low-energy side of the pre-edge peak at ~7112 eV. Berry et al. (2003) have shown that the features at 7113 and 7120 eV are more pronounced for more reduced compositions and thus sample SP5 may be more reduced than a stoichiometric composition.
Data obtained from refining the K-edge EXAFS spectra for Fe and Mg are summarized in Table 2 . The Fe K-edge energy is significantly lower for the two Mg-rich samples confirming that the Fe is more reduced than in the other samples (see above). The pre-edge height shows no significant variation and its intensity is consistent with a mixture of Fe oxidation states over the two cation sites. The refined tetrahedral Fe-O bond lengths are ~1.84 Å; this anomalously small value is consistent with the presence of Fe 3+ in a distorted site (cf. Eisenberger and Brown 1979) . The octahedral Fe-O is also anomalously small consistent with the Fe occurring in distorted sites (see Henderson et al. 2007 ). The estimated data for the occupancies of Fe over the two sites are also given in Table 2 as a percentage of total Fe in each site. Henderson et al. (2007) found that the tetrahedral occupancies measured for a range of 3d elements in spinel were about 10-20% higher than expected for stoichiometric samples; the values reported in Table 2 for the present samples have therefore been reduced on average by 15% (relative). The occupancy for Fe decreases from ~45% to ~35% (Fe 3+ 0.32-0.85 apfu) with increasing magnetite content (denoted Mgt). The occupancies for Mg Td decrease from ~54% to ~42% (Mg 0.41-0.09 apfu) with increasing Mgt.
These occupancy estimates are combined with atomic formulas data for Fe and Mg and are reported as normalized occupancy data for each of the two cation sites (Table 2) . We have tentatively used these data to estimate the Al occupancies (atoms Al pfu) assuming cation totals of 1.000 and 2.000 for tetrahedral and octahedral sites (Table 2) . We do not claim a high accuracy for the EXAFS data but are confident that trends over the series are reliable. Fe L 2,3 X-ray absorption spectroscopy (XAS) Figure 3 shows Fe L 2,3 -edge XAS spectra for all of the solid solutions studied; this type of spectroscopy probes the local electronic structure and provides information on Fe oxidation state and site-symmetry (van der Laan and Kirkman 1992). The main peak for the most magnetite-rich sample (SP14) is very similar to that for end-member natural magnetite (Fig. 2 in Pearce et al. 2006) in that only a weak shoulder is present on the low-energy side of the main peak; this feature is considered to be typical of end-member magnetite, which lacks any significant oxidation toward a phase containing the maghemite molecule (Zhu et al. 2015 ; see also Fig. 3 in Graf et al. 2015) . With increasing Mgcontent the XAS spectra show that the feature on the low-energy side of the main L 3 peak becomes progressively better resolved and more intense; note that the spectrum for the Mg-rich sample SP5 is similar to that for a natural magnesian spinel (Mgt 0.20 , BM1983,595) (Cressey et al.1993; Henderson et al. 1996) . Although samples in the compositional range Mgt 51-100 (SP50 to natural magnetite) show differences in peak resolution, the energy differences between the main peak and the lower energy feature show no significant change ~1.25-1.16 eV (i.e., 1.21 ± 0.04 eV). For the two most Mg-rich synthetic samples (SP3 and SP5) and the natural magnesian spinel (Cressey et al. 1993 ) the Fe L 2,3 -edge peaks have a larger energy separation (1.64-1.71 eV; 1.68 ± 0.03 eV) than for the Fe-rich samples. This separation is similar to that (~1.6 eV) between reduced (lower energy peak) and oxidized Fe in an L 2,3 spectroscopy study of zoned oxidized magnetites (Gilbert et al. 2010 ) and in reduced and oxidized versions of organic dinuclear Fe-oxo compounds (Peng et al. 1995) . Sample SP9 shows intermediate properties with a peak separation of ~1.45 eV. We conclude that the more-pronounced lower energy peaks in Mg-rich samples SP3 and SP5 reflect the presence of a greater proportion of Fe 2+ than expected from the nominal spinelmagnetite stoichiometry and this is confirmed by the Fe K-edge data (see above). Note that the red spectra in Figure 3 show the actual XMCD intensities for each sample and demonstrate the relative weaknesses of the XMCD signals in samples SP3 and SP5, which have the lowest Fe contents (see later).
It is clear that the bonding features for Fe over the composition range Mgt 100-51 are very similar despite the large range of composition and we speculate that these solid solutions might show a degree of Fe clustering with short-range structure similar to that in end-member magnetite. By contrast, the most Mg-rich solid solutions show very different electronic structures perhaps due to the Fe, Mg, and Al cations being more homogeneously distributed. Sample SP9 appears to show a more mixed bonding structure; we will return to this point later. Fe L 2,3 XMCD spectra Figure 4 shows the XMCD spectra obtained at room-T and the best fits to the four possible Fe L 3 peaks. Note that the y axis scales show that the intensity of the magnetic signals reflect the absolute Fe contents of the solid solutions except that the intensities of the three most magnesian samples are proportionately much smaller than those for the Fe-rich samples; i.e., SP9 (Mgt 0.41 ) has ½ the Fe content of SP14 (Mgt 0.81 ) but the peaks are 5 times smaller. This relationship is shown in Figure 5 where the combined XMCD peak heights for the different species are plotted against bulk composition. These differences are related to the fact that at room-T the three most magnesian samples are paramagnetic while all the other samples are ferrimagnetic. Indeed, XMCD spectra for the paramagnetic samples can only be obtained because the electron spins become aligned in the 0.6 T applied magnetic field. However, we have recently obtained XMCD data at 20 K for samples SP9, SP5, and SP3; this temperature is below the Curie temperature for SP9 and gave a much higher XMCD signal for the ferrimagnetic species compared to that for the room-T paramagnetic version as shown in Figure 5 . The 20 K data for SP3 and SP5 are very noisy and could not be refined to obtain site occupancies from the XMCD signal; it is likely that the Curie-T for both of these samples is lower than 20 K.
The lower part of Table 1 contains values for the bulk Fe   2+ and Fe 3+ concentrations determined from the XMCD spectra based on cell formulas calculated to 4 O atoms, together with the equivalent cation proportions for Al, Mg, and the minor Si content present. Note that estimated errors for the different atomic species are shown. The cation sums show an excess over 3.0 (range 3.000-3.067, Table 1 ) and all the element cation numbers are slightly higher than those calculated to 4 O atoms and 3 cations (upper part of Table 1 ). The XMCD Fe 3+ /total Fe ratios (Table 1) for the two most Mg-rich solid solutions are similar to that reported for a natural Mg-rich spinel (Cressey et al. 1993) and are significantly lower than the "stoichiometric" ratio of 0.66 (cf. Fe absorption edge energy values, Table 2 ); the other samples also show some departures from this value ranging 0.582 to 0.694. Thus, while conventional recalculation of spinel analyses to the ideal 4 O atoms and 3 cations appears to show that synthetic and natural spinels are generally stoichiometric, the measurement of actual Fe oxidation states suggests that samples may not follow a strict magnetite stoichiometry (cf. Pearce et al. 2006 ).
The energy resolution of XMCD spectra for these samples is sufficiently high to allow the presence of small amounts of Fe 2+ in Td sites to be estimated over the solid solution range from Mgt 40 to Mgt 70 but this spectral component does not occur for the most Fe-rich samples (Table 3 ). The fact that Fe
2+
Td cannot be detected in sample SP14 (Mgt 81 ) is consistent with its absence in end-member magnetite (e.g., Kuiper et al. 1997; Pattrick et al. 2002; Pearce et al. 2010 features in the L 3 edge (see earlier). The parameters used to fit the different Fe structural environments might thus be less reliable than for the Fe-rich samples on which they are based. Figures  6a and 6b show the variation in Fe cation occupancies for the room-T data vs. magnetite content in Td and Oh, respectively. The site occupancy values for SP9 at 20 K fit the compositional trends better than the room-T values but are not shown in Figure  6 as all the other sample data in this figure are for the same temperature (298 K). The striking feature is that the trend for Fe 3+ Td (Fig. 6a ) is close to a linear fit (Fe 3+ Td = 1.047 × Mgt x ; R 2 0.988) pointing to the strong tetrahedral site preference shown by Fe 3+ in magnetite-bearing spinels (Goodenough and Loeb 1955; Pattrick et al. 2002) at room-T. The Fe
Oh occupancies (Fig. 6b) are slightly scattered about a 1:1 trend with the two most Mg-rich and the two most Fe-rich solid solutions showing a small excess of Fe 2+ Oh over that expected for a stoichiometric magnetite-bearing solid solution; this is consistent with four of our samples having small amounts of wüstite (FeO) in solid solution (cf. Dieckmann and Schmalzried 1977b) . The presence of minor Fe 2+ Td in the middle of the solid-solution series defines a distinct shallow hump in Figure 6a while that for Fe 3+ Oh falls below that for an idealized 1:1 magnetite-like trend, especially for the more Fe-rich members of the intermediate solid solutions (Fig. 6b) .
It is clear that the Fe
3+
Td trend for the solid solutions falls very close to the join between end-member spinel and end-member magnetite, which is fully ordered (inverse) at room-T (Fig. 6a) . The very low or zero Fe
2+
Td occupancies for the Fe-rich solid solutions also points to an inverse magnetite-like structure for these samples at room-T. It seems that rapid quenching of the Fe-rich samples did not prevent the rapid equilibration of Fe Td values for SP9 and SP50 suggest that the tetrahedral Fe oxidation ratio might have been quenched-in below about 500-600 °C. By contrast, the more Fe-rich samples Figure 5 . Relationship between XMCD peak heights and bulk composition for ferrimagnetic samples (small solid diamonds) and paramagnetic samples (larger solid squares). Symbol sizes are in proportion to likely XMCD errors. All data were determined at room temperature except for sample SP9 (Mgt 0.39 ) where data also were obtained at 20 K, which is below its Curie temperature (T c ). Linear fits for ferrimagnetic samples (i.e., XMCD data obtained below T c ) show much larger signals than those for paramagnetic samples (data above T c ). Note that the XMCD intensity for ferrimagnetic SP9 at Mgt 0.39 is over 2× that for the paramagnetic species (temperatures 20 and 298 K, respectively). 
Site occupancy determination
While our XMCD data provide values for the occupancies of Fe 2+ and Fe 3+ in tetrahedral and octahedral sites it is necessary to allocate Al, Mg, and Si to these sites. It is well known that Al in spinels is strongly partitioned into Oh sites and we have set up occupancy models based on the tetrahedral sites containing 10% total Al with the rest in Oh; this value is chosen to match the values determined for Al by K-edge EXAFS (Henderson 2007) , by analyses and structural work on natural spinels (e.g., Waerenborgh et al. 1994; Nakatsuka et al. 2004) , and on high-T NMR experiments at 800 to 1000 °C (Harrison et al. 1998; Redfern et al. 1999; Martignago et al. 2006 ) that represents the likely quenched-in Al configuration.
These values are combined with the determined XMCD Fe
2+
and Fe 3+ occupancies while the small Si content is allocated to the Td site as advocated for Si-rich magnetites (Huberty et al. 2012 ). In such spinels, any cation excess or deficiency is likely to be associated with the octahedral sites, so the tetrahedral site is now made up to a total of 1.000 cations with Mg. The remaining Mg is allocated to Oh along with the measured Fe Table 3 gives the site occupancy data for this model. It is not a simple matter to establish where excess cations might be located but it is likely that they would occupy "normally vacant" interstitial sites with implications to the probability of a cation occurring in an adjacent "normally occupied" lattice site (i.e., a Frenkel defect mechanism).
The site occupancies for Fe 2+ and Fe 3+ obtained by XMCD clearly refer to the outer 3-5 nm of the powders studied. We have shown that the Fe-rich samples show no signs of an oxidized surface, indeed both Fe L 2,3 XAS spectra and the deeper-probing Fe K-edge XANES confirm the evidence that the most Mg-rich samples have excess Fe 2+ rather than excess Fe
3+
. We conclude that there is no evidence that the bulk of our samples have been affected by oxidation since their initial synthesis. We can test the reliability of this conclusion by using the determined site occupancy data (Table 3) to calculate the mean A-O and B-O bond lengths and then the cubic unit-cell edges (a) and oxygen (u) parameters using Equations 1-2 (see Experimental methods section). Measured unit-cell edges for the samples clearly refer to their bulk structure and composition and comparison of these to the a values determined here should establish whether or not the surface data represent a reliable probe for the sample as a whole.
To calculate the a values it is necessary to utilize average sizes for both tetrahedrally and octahedrally coordinated cations, together with the associated vacancies, irrespective of whether they are present in "normal" or "interstitial" sites. The adopted M-O values used are the same as those in Henderson et al. (2007) except that a value of 1.885 Å for (Fe 3+ -O) A was found to be more reliable across the whole solid-solution series; in addition a value for (Fe 2+ -O) A of 2.01 Å was adopted (Shannon 1976) . In the first instance we used estimates of 2.0 Å for a tetrahedral vacancy and 2.11 Å for an octahedral vacancy (Lavina et al. 2002) ; however, detailed calculations for these samples and oxidized titanomagnetites and maghemite (work in progress) suggest that more reliable estimates are 2.05 and 2.12 Å.
Calculated unit-cell edges are given in Table 3 ; based on analytical errors for individual atom species it is likely that the cell-edge error is ~0.005 Å across the solid-solution series. Note that errors greater than ~0.03 apfu for the distribution between A and B sites or in Fe Table 3 ) with most samples being better than 0.005 Å and only two (SP9 for 298 K data and SP50) showing a mismatch >0.01 Å. However, the better defined data for SP9 at 20 K gives a cell Figure 6a shows the measured XMCD values for Fe 2+ and Fe 3+ in the tetrahedral site, together with 10% total Al allocated to Td, with Mg added to bring the site occupancy to 1.000. Figure 6b shows the measured Fe 2+ and Fe 3+ octahedral site occupancies together with the remaining Al (90% of total Al) and Mg. See text for detailed explanation and discussion. (Color online.) edge very close to the measured value. The Mg occupancies in Td calculated for the model with 10% total Al vary from 47 to 85% of total Mg with increasing Mg content. Published assignments for Mg tend to range ~40 to 85% Nakatsuka et al. 2004; Henderson et al. 2007 ) in excellent agreement with our adopted site occupancies. Finally, the decrease in the Mg-site occupancies with increasing Mgt content, and the scale of Al entry into the tetrahedral site (Table 2) , are broadly in line with the above suggestions. Taking account of the trends across the solid-solution series we conclude that the data in Table 3 provide reliable site assignments, show that the surface composition of our samples is essentially the same as the bulk, and define a robust basis for rationalizing the structures of the MgAl 2 O 4 -Fe 3 O 4 spinel series. Based on the trivalent cation occupancies determined for the tetrahedral site the transition from "more-normal" to "more-inverse" spinel [i.e., (Al+Fe 3+ ) Td = 0.5] appears to occur at ~Mgt 0.36 . Our adopted site occupancy data for Al and Mg in tetrahedral and octahedral sites are displayed in Figures 6a and 6b as a function of magnetite content. The Al trends, of course, are fixed to be a linear trend with 10% of total Al occurring in A and 90% in B. The Mg data show a pronounced affinity for the tetrahedral site for the most Mg-rich bulk compositions and this affinity decreases as Mgt increases until Mg shows equal entry into tetrahedral and octahedral sites over the range Mgt 0.5-1.0 . The tendency for Mg Td to be larger for Mg-rich spinels than for Fe-rich members of this solid solution is in line with the EXAFS data of Henderson et al. (2007) , which gives a tetrahedral site occupancy (Mg Td /total Mg) of 0.79 for MgAl 2 O 4 and an average of 0.44 ± 0.12 for five synthetic Fe-rich Fe-Mg-Ni-Co-Al-bearing spinels.
Discussion
In this paper, we have established the presence of nonstoichiometry involving cation excesses (cation totals > 3.0 pfu) that seem to occur in octahedral interstitial sites. No tetrahedral Fe 2+ is detected in the Fe-rich and the Mg-rich samples and only small amounts in the intermediate members. By contrast, reduced Fe (hercynite-rich) and high-Al and high-Cr spinels contain abundant Fe 2+ in the A site (e.g., Della Giusta et al.1996; Uchida et al. 2005) , and Andreozzi and Lucchesi (2002) found that synthetic solid solutions in the system MgAl 2 O 4 -FeAl 2 O 4 (hercynite) showed a marked preference for Fe 2+ over Mg in the tetrahedral site. In addition, Palin and Harrison (2007) used Monte Carlo computer modeling for this system to show that Fe 2+ has a small tetrahedral preference for Td compared to Mg. The situation is different for our more oxidized spinel-magnetite series and it seems that repulsive interactions between Fe 2+ or Mg and Al or Fe 3+ are very different and play a crucial role in controlling cation site preferences in spinels.
It is likely that our quenched samples retained disordered arrangements for Mg and Al typical of equilibrium partitioning at ~800-1000 °C and that Fe 2+ and Fe 3+ atoms did not diffuse between Td and Oh sites during quenching. However, electron exchange reactions between Fe 2+ and Fe 3+ in adjacent sites are much too fast to freeze-in quantitatively during the quench. Ferich members in the solid solutions will have a higher probability of adjacent sites containing a pair of Fe ions of the correct valence to allow the electron exchange, while Fe-poor members of the solid solution would be more likely to have Mg or Al as nearest neighbors to an Fe site and this would limit the probability of electron transfer (cf. Verwey et al. 1947) . The presence of higher Fe 2+ Td in intermediate solid solutions compared to those in more Fe-rich samples reflects this relationship. Indeed, this is the same situation found with Mössbauer spectroscopy of Fe-poor spinel solid solutions where B-site Fe 2+ and Fe 3+ are not hybridized and produce separate sets of spectral lines (Bahgat et al. 1980) .
It is generally agreed that at room-T Fe
2+
and Fe 3+ atoms in the octahedral site are hybridized due to an electron (small polaron) hopping between adjacent sites. However, Verwey et al. (1947) pointed out that while electron interchange between Fe 2+ and Fe 3+ in adjacent octahedral sites was particularly favorable there was also the possibility of exchange either between Fe 2+ and Fe 3+ in adjacent A-A sites or between adjacent A-B sites. Dieckmann et al. (1983) concluded that high-T thermopower measurements for magnetite were consistent with electron transfer by all three mechanisms. In addition, Wissmann et al. (1998) studied magnetite using high-T Mössbauer spectroscopy and found very fast hopping of electrons between Fe 2+ and Fe 3+ in adjacent B sites (timescale 10 -13 s); electron hopping between adjacent A sites was considered to be only slightly slower (10 -12 s). Our XMCD results are consistent with very rapid Fe valency equilibration having occurred between Fe 2+ and Fe 3+ on both structural sites during the fast quenching. In any case, the presence of delocalized electrons at low temperatures might be expected as magnetite is considered to have semi-metal properties under these conditions (e.g., Parker and Tinsley 1976; Schedin et al. 2004) . and carried out important in situ thermopower measurements on four synthetic MgAl 2 O 4 -Fe 3 O 4 samples (Mgt 0.25 , Mgt 0.50 , Mgt 0.75 , and Mgt 1.00 ) as a function of temperature. Fe 2+ and Fe 3+ site occupancies in both tetrahedral and octahedral sites were deduced from these measurements using the approach of Wu and Mason (1981) . An estimate of the Al content in the tetrahedral site was obtained using the model of O'Neill and Navrotsky (1983) ; the other occupancy data were then obtained from the sample bulk compositions assuming exact spinel stoichiometry. displayed the compositional dependence of site occupancies at 1000 °C (their Fig. 9 ) compared with values calculated using the O'Neill-Navrotsky model. considered that measurements and the calculated model data were in reasonable agreement, however, Mg Td is close to zero for the two more Ferich solid solutions, and Fe
Oh and Fe
3+
Oh are surprisingly small for the Mg-rich solid solution. subsequently refitted the experimental data and the new occupancy data were figured for 1000 °C (their Fig. 4 ) together with new model curves, and these show generally good agreement. The two Fe-rich solid solutions now have more sensible values for Mg Td but the Al Td is anomalously small. The Fe Oh in the most Mg-rich sample is also still anomalously small (see above). The thermopower measurements for the latter sample could not be reversed, which attributed to a disequilibrium order-disorder phenomenon. However, we suggest that this problem might be related to abundant Al and Mg reducing the probability of having the appropriate Fe ions in nearest-neighbor octahedral sites. This in turn would reduce the probability of the electron transfer and thus the reliability of Further insight comes from high-T neutron powder diffraction studies for three synthetic samples from the spinel-magnetite system [samples NS75 (Mgt 0.25 ), NS50 (Mgt 50 , our SP50), NS40 (Mgt 60 ); Harrison and Putnis 1997b; Harrison et al. 1999] . Cation site occupancies deduced from diffraction data and saturation magnetism measurements (M s ) showed crucial differences to those predicted by the O'Neill-Navrotsky model; in particular the experimental data showed that Fe 3+ orders onto tetrahedral sites that is the opposite to predictions based on thermodynamic models. The experimental partitioning results show the same types of mismatch when compared to the thermodynamic model. Thus, Harrison et al. (1999) proposed new ordering schemes including a "pseudo-random model" in which Al occupancies were fixed and then Mg, Fe
2+
, and Fe
3+
were randomly distributed over the Td and Oh sites; note that the Fe 2+ and Fe 3+ values were those obtained assuming exact stoichiometry.
The site occupancies determined by and for the pseudo-random model of Harrison et al. (1999) for a temperature of 1000 °C can be compared in Table 4 ; also given (columns G, H, and I) are our XMCD-based data for the equivalent samples at 25 °C. Although we have used different logic to that of Harrison et al. (1999) we find similar values for Mg and Al occupancies in both Td and Oh sites for all three samples (Table 4 , compare column D with G, E with H, F with I). However, our data for Fe occupancies are different because we find only small room-T Fe
2+
Td values for each sample. The site occupancies show clear differences between the data from and and the data for both the Mgt 50 (SP50) and Mg 25 (SP5) samples (Harrison et al. 1999 and this paper) . Similar mismatches occur when Nell and Wood's data for Mgt 0.75 (Table 4 , column A) are compared with those for Mgt 0.60 (columns D and G). Harrison et al. (1999) Tables 3 and 4) where M s is simply the difference between the Fe content of the octahedral and tetrahedral sublattices if their electron spin alignments are assumed to be exactly anti-parallel (Néel 1955 Harrison et al. (1999) (Table 4, compare columns D and G, and E and H) . Note that we find a higher Mg Td content for the Mgt 0.25 sample compared to that of Harrison et al. (1999) and this leads to an even higher calculated M s value (Table 4 , compare columns F and I).
We have attempted to model high-T Fe 2+ and Fe 3+ contents for our samples based on the pseudo-random model of Harrison et al. (1999) and Harrison and Putnis (1999) , and Mg over both sites. The site occupancies for the three samples discussed so far are given in Table 4 . Comparison of site occupancies from , Harrison et al. (1999) , and this work; calculated magnetic moments are given for each data set and compared with measured saturation magnetization Wood (1989) Harrison et al. (1999) Td are adopted (Fig. 7) . Such a fully disordered state would refer to high temperatures, perhaps above 1200 °C (cf. Wu and Mason 1981; Wissmann et al. 1998) .
In Figure 7 , the occupancy data for the intermediate solid solutions fall on fairly smooth curves between the two endmembers; this would be expected for a continuous solid-solution series without a phase transition or intermediate compound. Table 4 and show the full data set in Figure 8 . This value of 0.333 matches that for a fully disordered model for Fe. These data provide a plausible data set for cation occupancies at high-T in the spinel-magnetite solid-solution series. The fact that the calculated M s values for this new model are only slightly higher than those for the XMCD model at 25 °C confirms that the Mg tetrahedral occupancy has more effect on the calculated value for M s than the Fe oxidation ratio in the individual sites.
We commented earlier that the Fe L-edge spectra for the Ferich solid solutions indicate that the Fe bonding characteristics over the composition range Mgt 1.0-0.51 are very similar and we speculated that these solid solutions might show a degree of Fe clustering similar in structure to that in end-member magnetite. This suggestion is supported by the XMCD measurements for these samples at 25 °C showing an almost linear trend for Fe 3+ Td while the Fe
Td values are very small or zero, consistent with end-member magnetite being a fully ordered, inverse spinel at room-T. We attempted to test this hypothesis further by using the Fe K-edge EXAFS spectra to refine the proportions of Al (note that the X-ray scattering factors for Al and Mg are essentially the same) vs. Fe in the next nearest neighbor (NNN) cation shells. These define peaks at 3.0 Å (denoted FT3), where scatterers only occur in Oh, and at 3.5 Å (FT4, scatterers in both Oh and Td) in the Fourier transform for spinels (Henderson et al. 2007 ). However, this failed as there were too many variables to refine. We therefore refined four simple models for sample SP50: (1) Fe as the only NNN scatterers in both FT3 and FT4 sites, which gave an R factor of 68.2; (2) Fe as the NNN scatterer in FT4 and Al in FT3 (R = 68.6); (3) Fe as the NNN scatterer in FT3 and Al in FT4 (R = 68.6); (4) only Al in both FT3 and FT4 (R = 95.0). As would be expected model 4 is not probable. Model 1 shows the lowest R factor but that value is not significantly different Figure 7 . Compositional dependence of cation site occupancies based on the high-T disordered, pseudo-random model of Harrison et al. (1999) . In this model 10% of total Al was allocated to the tetrahedral site; XMCD measured total Fe 2+ and total Fe 3+ , together with Mg, were then allocated to fill the Td site (1.000 apfu) in strict proportion to their total contents. The octahedral site contains all the remaining Fe to that for models 2 and 3. Thus the EXAFS data cannot be used to estimate the proportion of Al (+Mg) to Fe as NNN scatterers around the central target Fe. Nevertheless, the Fe L-edge XAS and XMCD results, together with refined EXAFS model spectra for the Fe-rich samples, are consistent with the presence of some Fe clustering to form nano-domains on a length scale of a few unit cells (i.e., smaller than ~100 Å). Such nuclei would be too small (or would lack periodicity) so that the Fe-rich solid solution samples have long-range "homogeneous" structures on a length scale probed by X-ray and neutron diffraction. Support for this suggestion is provided for another sample of composition Mgt 50 (SP11), for which Harrison and Putnis (1995) describe diffuse scattering at the base of intense diffraction peaks. Thus it seems that solid solutions in the range ~Mgt 0.30 to ~Mg 0.90 lie inside a wide solvus (Mattioli and Wood 1988; Harrison and Putnis 1997a) at low-T and might contain proto-nuclei of potential exsolved phases; this is indeed what the local structure indicates.
By contrast, Fe L-edge spectroscopy of Mg-rich solid solutions (SP3 and SP5) show very a different electronic structure to that for the more Fe-rich samples reflecting a more homogeneous arrangement of Fe, Mg, and Al cations. In addition, replacement of Al for Fe 3+ (electronegativities 1.5 and 1.71, respectively, Lenglet 2004) and of Mg for Fe 2+ (1.22 and 1.69) should produce more ionic structures, which could account for the better resolved L-edge features with a larger gap in energy between the Fe 3+ and Fe 2+ spectral features. Sample SP9 (Mgt 0.41 ) seems to have mixed bonding characteristics (see earlier) and must lie well inside the solvus but we expect that samples SP5 (Mgt 0.23 ) and SP3 (Mgt 0.17 ) definitely lie within the single-phase field. The L-edge spectrum for the natural magnesian spinel studied by Cressey et al. (1993) , with the composition Mgt 0.20 also exhibits a large energy gap between the Fe 3+ and Fe 2+ spectral features and should also be truly single phase. Support for this suggestion comes from a high-resolution XRD study (Schofield, personal communication 2015) that shows very sharp diffraction peaks, without broadened flanks suggesting diffuse scattering and without any peaks due to an exsolved, more Fe-rich spinel phase. The natural sample will have cooled very slowly, unlike our synthetic samples, with ample opportunity for exsolution to occur if its composition lay within the spinel-magnetite solvus. Harrison et al. (1999) discussed the significance of relating site occupancies deduced for the solid solutions at high-T to magnetic properties measured at low-T, but we have shown that the distribution of Fe between the two sites has more effect on the size of M s than the variation of Fe oxidation ratio between individual sites. The high-T site occupancies determined by Harrison et al. (1999) clearly match the measured magnetic properties (Harrison and Putnis 1995 , 1997b better than those of as shown in Table  4 . The XMCD site occupancies should be directly comparable to the low-T magnetic measurements as both were carried out on quenched samples that are likely to have undergone electron exchange reactions over both sites. In Figure 9 , we compare our calculated saturation magnetization data with the values measured by Harrison and Putnis (1995) . It is clear that the trends are very similar with the data for more Fe-rich samples overlapping, while our M s values for more magnesian solid solutions show a well-defined flat trend up to Mgt 0.5 but this trend is displaced to higher values than those for the macroscopic measured magnetic data. Our calculated M s for the Mg-rich solid solutions were obtained assuming that the magnetic moments on the octahedral and tetrahedral sites were exactly anti-parallel as is the case for magnetite-rich samples (Néel 1955) . However, Harrison and Putnis (1999) concluded that measured low-saturation magnetization values for the Mg and Al-rich solid solutions could reflect departure from a collinear ferrimagnetic spin structure due to the high dilution of the magnetic cations, and it is likely that our calculated M s are too high for that reason. The overall agreement between the magnetic properties calculated from our site occupancy data and the measured values is further evidence in support of our conclusion that the surface compositions of our samples match those of the bulk. Table 3 and Figure 6 . The XMCD data are used to fix the total Fe 2+ and Fe 3+ concentrations and then Fe is allocated to fill the tetrahedral site proportion using different proportions of total Fe 2+ :Fe
3+
. The remaining Fe 2+ and Fe 3+ are then added to the octahedral site. This process was repeated until the trends shown for the different Fe-occupancies merged with the fully disordered data points for end-member magnetite (e.g., Fe -Mg interactions) drive the system to cluster into spinel-rich and magnetite-rich regions on a tens of angstrom-length scale, which is too small to be detected by X-ray and neutron diffraction techniques. The lack of Fe 2+ Td at the magnetite-rich end is caused by quench re-ordering via rapid electron hopping. Some quenching of tetrahedral Fe 2+ is observed in the center of the solid solution, as electron hopping between Td and Oh sites is less favorable when Mg and Al are present in significant amounts. The most Mg-rich samples studied (Mgt 0.17 and Mgt 0.23 ) have short-range Fe bonding features different to those typical of magnetite and we conclude that Fe-atoms are not clustered because of dilution of Fe by Mg and Al over both the octahedral and tetrahedral sites. The apparent lack of Fe 2+ Td at the spinel-rich end mainly reflects XMCD fitting problems due to weak magnetic scattering of low-Fe samples that were studied at room-T, i.e., above their Curie temperatures. In addition, the increased energy separation between Fe 2+ and Fe 3+ spectral features results in overlap of XMCD spectral features for Fe cations with the same oxidation state but in different crystallographic sites.
Magnetic properties are consistent with this model, accounting for: (1) low-M s values and low-T c values at the spinel-rich end, and (2) better agreement between calculated and observed M s at the magnetite-rich end.
Analytical and spectroscopic evidence for synthetic and natural Mg-rich spinels ) are consistent with the Fe-rich component being more reduced than the assumed stoichiometry (i.e., Fe 3+ /Total Fe ~0.5 rather than 0.66) suggesting the possibility of a changed equilibrium stoichiometry at the spinel-rich end of the spinel-magnetite solid-solution series.
The study of samples across this whole solid-solution series provides much value-added structural information, over and above that obtained for end-members, and could be applied to other binary spinel solid solutions. (Harrison and Putnis 1995) . Open triangles are M s values calculated from cation occupancies based on XMCD Fe measurements at room-T (see Table  3 ) assuming that electron spins are exactly anti-parallel on octahedral and tetrahedral sites (Néel 1955) . Solid triangles are calculated from site occupancies for the hypothetical high-T model shown in Figure 8 
